Evaporation from rain-wetted forest in relation to canopy wetness, canopy cover, and net radiation Klaassen, W. Take-down policy If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and investigate your claim. Abstract. Evaporation from wet canopies is commonly calculated using E pM , the Penman-Monteith equation with zero surface resistance. However, several observations show a lower evaporation from rain-wetted forest. Possible causes for the difference between E pM and experiments are evaluated to provide rules for the simulation of rainfall interception by forest canopies. The evaluation is executed using a micrometeorological model with a detailed representation of the forest canopy. Simulated results are compared with experimental results. In spite of theoretical reservations the evaporation of completely wet forest appears to agree with EpM. Evaporation from wet forest appears mainly dependent on net radiation. Rainfall interception is related to evaporation from the canopy. Evaporation from the canopy appears proportional with the square root of canopy cover and sensitive to canopy wetness. An accurate estimate of canopy wetness is needed to use E pM for the calculation of evaporation from rain-wetted forest.
Evaporation from vegetation with partial canopy cover is assumed to be proportional to canopy cover (c) as proposed by Gash et al. [1995] :
The subscript c is included to emphasize that (2) is restricted to evaporation from the canopy. The understorey component is denoted by E s, and the sum of understorey and canopy evaporation is called total evaporation. Evaporation of partially wet canopies is assumed to be proportional to water storage on the canopy, according to Rutter et al. [1971] E w --(C S-1)EpM,
where C is the actual water storage and S is the maximum water storage of the canopy (both in mm). The subscript w means that (3) is restricted to evaporation from the wet part of the canopy. Additional evaporation arises as transpiration from the dry part of the canopy [Larsson, 1981 ; BosveM and Bouten, 1999] . The evaporation rate according to EpM consists of an energy-driven part, related to A, and a transport-driven part, related to (e* 
The accuracy of (4) will be evaluated for determining evaporation from wet, shielded surfaces. Also, differences from equilibrium evaporation will be used to estimate the significance of atmospheric transport on evaporation. In (3) the evaporation during incomplete wetness is related to EpM. Evaporation results in a reduction of humidity deficit in the atmosphere and thus to a decrease of EpM. The complementary relation E + EpM = 2Epo,
where Epo is the potential evaporation, has been proposed by Bouchet [1963] to estimate the interaction between actual evaporation and EpM. The complementary relation results in a sensitivity s = OEpM/OE = -1. By contrast, the assumption of EpM being an independent boundary condition results in s -0. The value of e will be estimated using simulations of atmospheric interactions during rainfall. 
Evaporation From a Two-Dimensional Canopy
where I w is the effective leaf width, generally taken as 0.05 m. Results of (6) are in close agreement with experimental results by Brenner and Jarvis [1995] . The leaf boundary resistance is restricted to heat transport and is not used for momentum transport. The difference between heat and momentum transport has initiated a correction on the atmospheric resistance in the Penman-Monteith equation [Lankreijer et al., 1993 [Lankreijer et al., , 1999 and motivates the estimation of the sensitivity of evaporation to the leaf boundary resistance in the present study. Horizontal variability of the forest is included in the model to validate the corrections on E pM for incomplete wetness and canopy cover (equations (2) and (3)). The heterogeneity is simulated assuming strips of vegetation with different surface characteristics perpendicular to the wind direction. In this way, a two-dimensional surface is simulated with constant properties in the horizontal direction perpendicular to the atmospheric flow and variability in the vertical and in the flow direction. Horizontal variability in surface fluxes arises by variations in surface conditions and by variations in atmospheric properties like temperature, humidity, and wind velocity. The variability in the atmospheric surface layer is calculated with mixing length theory and common flux-gradient relations. The mixing length is advected with the flow and adjusts slowly to the underlying surface [Klaassen, 1992] .
The simulations start with atmospheric profiles that are adjusted to a smooth surface. After the initialization the air is simulated to enter the forest, and the simulation continues until the fluxes in the surface layer converge to the fluxes from the forest. In case of patchy forest the patches are repeated in the wind direction, and the surface layer converges to the spatially averaged surface fluxes. The upper boundary is taken constant in the flow direction, and convergence to a constant boundary implies the assumption of temporal stationarity.
In most situations with a wet surface a stable surface layer develops in which transport is reduced. A problem arises as constant fluxes in the vertical imply an increase of stability with height above the surface. Strong stability during rain at elevated heights is not realistic for the following reasons: (1) the assumption of stationarity is seldom fulfilled during stable situations, owing to gradual cooling of the surface and the lower parts of the surface layer, and (2) the assumption of negligible heat sources in the surface layer does not hold during rain because of heat transfer between falling rain drops and the surrounding air. 
Input Data for Simulations
The standard input data of the 2-D model are given in Table  1 . Note that atmospheric humidity is expressed as relative humidity to account for the increase of saturated vapor pressure with temperature. The data are representative of summer daytime conditions in a temperate moist climate during rain above forest. The understorey data are used for the forest floor and for the unforested patches and represent a grass-covered soil. As the simulated ratio E/EpM is only marginally sensitive to forest height and vertical distribution of the leaves, the presentation is restricted to fixed values of these parameters. This does not mean that evaporation (E) is insensitive to the height of forest, rather it means that E and EpM show the same increase with forest height. Unless otherwise stated, EpM is calculated at the first atmospheric grid level above the forest at 24 m height to keep in line with common measurement heights. By contrast, the input data of wind velocity, temperature, and humidity are given at the upper boundary of the The sensitivity of evaporation to partial canopy cover and wetness is simulated to evaluate the single-layer expressions. Multiple canopy representations are used to estimate the sensitivity of evaporation to canopy architecture.
The influence of canopy cover, or forest density, is simulated by two canopy representations. The first representation uses a homogeneous canopy with a random orientation of leaves and random horizontal spacing. Canopy cover c is then given by c = 1 -exp (-LAI/2),
where LAI is the leaf area index (m 2 m-2).
The second representation simulates patchy vegetation as an alternation of infinite long-forested and nonforested strips at right angles to the wind direction. The forested strips are simulated as homogeneous canopies. The canopy cover of patchy vegetation is taken equal to the forested fraction. The combined length of a forested and a nonforested strip of patchy forest is arbitrarily set at 50 m in the direction of the wind. Klaassen [1992] showed that aggregated fluxes are almost independent for this length scale if the length scale is several tens of meters or smaller.
Canopy wetness is defined as the ratio between wet leaf area and total leaf area. Assuming a constant thickness of the water layer, canopy wetness equals the ratio C/S between actual and maximum water storage. Partial canopy wetness is simulated in three ways to estimate the influence of the source area distribution on evaporation. With the first method, denoted by "wetting," a fully wet upper part of the canopy is simulated above a dry bottom part. Variations in canopy wetness result from variations in the height of the boundary between wet and dry. The second method, denoted by "drying," simulates a dry upper part above a wet lower part. The methods are denoted by wetting and drying, as these processes tend to start at the upper part of the canopy. In reality, the separation between wet and bUC, unstable calculation; Simulation resulted in such a strong atmospheric stability that the wind velocity in the forest almost vanished.
even exceeds the sensitivity resulting from the complementary relation (e = -1).
Environmental Control of Wet Forest Evaporation
As evaporation from wet surfaces depends on available energy (A) and transport (e *a --ea)/ra, see (1), incoming radiation (input for A), relative humidity (input for (e*a -ea)), and wind velocity (input for ra) may influence evaporation. The simulation uses input data at the upper layer of the model at 125 m height, enabling the air near the forest to adjust to the surface conditions. Input data and results are given in Table 2 A strong control of available energy on evaporation from rain-wetted forest seems contradictory to the analysis made by Jarvis and McNaughton [1986] . They show that wet forest is well coupled to the lower atmosphere, resulting in a strong control of wind and humidity on evaporation. The deviating result of the present simulation is caused by the high level of 125 m height where data were used as input. The agreement with measurements justifies the use of input data at a level well above most experimental observations. Forest evaporation is strongly coupled to the wind and humidity deficit close to the forest, but the coupling reduces quickly with increasing height owing to the slightly stable atmospheric stratification.
Measurements and simulations both show the evaporation to increase even stronger with available energy than calculated using equilibrium evaporation. According to the simulations this sensitivity of evaporation to available energy is caused by a decrease of atmospheric stability and atmospheric resistance with increasing available energy. The poor sensitivity of evaporation to wind and humidity at given available energy is caused by negative feedback between evaporation and nearsurface humidity deficit. The theoretical result that E},• is useful to estimate evaporation from wet forest is compared to published observations. The Speult data are not useful to validate this thesis as splashing raindrops frequently wetted the humidity sensor; so could not be calculated with sufficient reliability. The measurements by Stewart [1977] were selected on consistency with E},•. As a consequence, these data are also not useful for validation. The measurements of Lindroth [1993] and Mizutani et al. [1997] indicate that E},• is a useful approximation when the canopy is fully wet. The measurements by Gash et al. [1999] show E < E},•. Their explanation that evaporation would be reduced owing to incomplete canopy cover is not satisfactory, as meteorological measurements inform us about total evaporation. Figure 4 shows that total evaporation (E/EpM) is not sensitive to canopy cover. Instead, it seems more reasonable to assume that the canopy was not fully wet all the time, as canopy wetness was simulated with a model that neglects drainage before saturation of the canopy. Measured evaporation by Lankreijer et al. [1999] was also below simulated EpM , and again the result is explained by neglect of drainage and overestimation of canopy wetness in their simulations. It is concluded that EpM is useful to calculate the evaporation of wet forest, but a careful check is required whether the forest is fully wet.
4.2.3. Sensitivity of evaporation to forest wetness. The difference between the three curves in Figure 5 suggests that a single relation between evaporation and wetness is questionable. Instead, hysteresis characterizes the different evaporation rates at the onset of wetting and drying. For instance, evaporation is expected to reduce quickly during the initial phase of drying, as the upper leaves dry most quickly owing to their relatively good coupling to the atmospheric conditions just outside the forest. The same process results in a quick drying of the best coupled parts of the leaves. So quick drying of well-coupled canopy parts acts on different scales and should always result in a more than proportional decrease of evaporation with wetness during the onset of drying.
A more than proportional reduction of evaporation with storage at the onset of drying agrees with measurements of Calder and Wright [1986] and Bosveld and Bouten [1999] but disagrees with measurements of Teklehaimanot and Jarvis [1991] . In the latter study, however, EpM was calculated assuming negligible available energy. By contrast, Figure 7 shows that available energy is the most important factor determining evaporation from wet forest. As available energy generally increases during daytime after the rain event, it is speculated that the data of Teklehaimanot and Jarvis [1991] agree with previous measurements that evaporation reduces more than proportional to storage when rain has stopped. On the scale of leaves, Larsson [1981] showed evaporation to decrease proportional to storage for one Salix species and a more than proportional decrease for another Salix species. So experimental evidence indicates that evaporation reduces stronger than proportional to C/S just after rain. The reduction of evaporation might depend on forest species, as the distribution of water on the leaves varies [e.g., Horton, 1919] and may influence the evaporation rate.
The suggestion that evaporation reduces less than proportional to storage during wetting up has not been validated because of the uncertainties in available energy, as discussed in section 4.1. As the simulations show that E/EpM can be smaller as well as larger than C/S and that the observations are also ambiguous, the Rutter assumption E/EpM --C/S is still recommended as a provisionally acceptable overall relation. 4.2.4. Sensitivity of evaporation to canopy cover. The simulated square root increase of evaporation with canopy cover (equation (9)) means that (2), assuming canopy evaporation to increase proportional with canopy cover, would clearly underestimate evaporation. The small difference between the two forest representations shows that within-canopy advection is of minor influence on the spatially averaged evaporation. An alternative method to restrict the evaporation rate in interception models is to enhance the correction for incomplete canopy wetness. The present analysis still suggests to use the common correction (E/EpM ---C/S, equation (6)). A larger correction also results from a decrease in canopy wetness (C/S), which can result from a decrease in C or an increase in S. The maximum storage capacity S is commonly determined indirectly from throughfall measurement and results in an underestimation of S when drainage from the canopy occurs before the canopy is saturated [Klaassen et al., 1998 ]. Three processes cause drainage before saturation: raindrops splashing on wetted parts [Calder, 1986] , slow saturation of barks and undersides of leaves [Herwitz, 1985] , and upper leaves sheltering lower leaves. So drainage results a lower canopy wetness and a lower evaporation rate. The low evaporation rate in combination with the limited water storage capacity explains the measured low-rainfall interception of open forest. For dense forest, maximum storage is larger and results in an increase of interception. The realistic simulation of interception of dense forest using the reference model is thus explained by compensation errors, resulting from an overestimation of the evaporation rate and an underestimation of storage [Klaassen et al., 1998 ].
The present analysis argues that rainfall interception models improve from a simulation of drainage during incomplete canopy wetness. Several methods already exist to simulate drain-age: Rutter et al. [1971] and Massman [1980] assume the drainage rate to increase with canopy wetness. By setting drainage also proportional to the rainfall rate the wetting efficiency of rainfall, defined as the increase of canopy storage per unit of rainfall, is made dependent on canopy storage [Calder, 1986; Liu, 1996] . Also, a larger water storage capacity can easily be included in rainfall interception models. However, it would become more difficult to determine such a water storage capacity from the common measurements of the difference in rainfall outside and inside the forest canopy [Klaassen et 
Concluding Remarks
Using a multilayer canopy representation, it was shown theoretically that it is not self-evident to calculate evaporation from wet forest with E p•4, the representative value for a homogeneous single layer canopy. A higher evaporation can occur when the heat sources are located near the top of the canopy. On the other hand, the leaf boundary resistance results in a lower evaporation than calculated with Ep•4. As these opposing effects almost compensate, it is concluded that E p•4 is a useful empirical approximation for most studies on rainfall interception. Corrections on Ep•4 are needed for partial canopy cover and wetness. As wetness is defined as the water covered fraction of the canopy, it should be noted partial wetness might even occur when the canopy is saturated in case of hydrophobic leaves.
Evaporation of partially wet canopies is very sensitive to the distribution of wetness. Yet for most models on rainfall interception a single relation between evaporation and wetness is to be preferred. The common proportionality between E/Ep• and C/S seems useful for most hydrological applications. During incomplete wetness, Ep•4 increases as vapor pressure deficit and atmospheric transport resistance increase with reduced evaporation. So Ep•4 is not a constant but rather is a state variable, which appears to depend on measurement height. As E p•4 is very sensitive to atmospheric vapor pressure deficit and this parameter is difficult to determine accurately during rain, evaporation might alternatively be calculated from the net radiation or available energy. It is recommended to test the observed relation between evaporation and net radiation in other climates.
Studies on rainfall interception are commonly based on the difference in rainfall outside and inside the canopy. Such measurements should be used in combination with an estimate of evaporation from the canopy only. By contrast, meteorological measurements above the canopy relate to total evaporation from canopy and understorey. Therefore it is important to distinguish between these components of evaporation, in particular for canopies with incomplete canopy cover where the difference between total and canopy evaporation is large. Evaporation from wet understorey can be approximated by the local equilibrium evaporation when canopy cover is larger than 20%. Evaporation from wet canopies appears proportional to the square root of canopy cover.
The simulation of interception improves from a parameterization of evaporation with values below E pM. The present analysis shows that the reduction of evaporation is most likely caused by a smaller than expected wetness of the canopy during rainfall. A listing has been given of useful models to simulate a smaller canopy wetness as well as measurement methods to determine the necessary input data.
